Study Objective: To evaluate the effect of experimental sleep fragmentation (sleep interruption; SI) on complex learning in an intradimensionalextradimensional (ID/ED) set-shifting task in rats. Design: A sleep fragmentation paradigm of intermittent forced locomotion was validated in adult rats by examining electrographic effects. Discrimination task performances were assessed in rats following sleep fragmentation or 2 control conditions. Participants: 41 young adult male Fischer-Norway rats. Intervention: A treadmill was used to produce 30 awakenings/h for the 24-h period prior to testing. Exercise control rats received an equivalent amount of treadmill-induced locomotion that permitted 30-minute pauses to allow consolidated sleep. Measurement and Results: SI rats were selectively impaired on the extradimensional-shift phase of the task, taking significantly more trials to achieve criterion performance (15.4 ± 2.0) than either control group (cage control = 10.4 ± 0.9; exercise control = 6.3 ± 0.2). The SI schedule reduced the average duration of nonREM sleep (NREMS) episodes to 56 s (baseline = 182 s), while the exercise control group increased average NREMS episode duration to 223 s. Total (24-h) NREMS time declined from 50% during baseline to 33% during SI, whereas rapid eye movement sleep (REMS) was absent in SI animals (7% during baseline and 0% during SI), and time spent awake increased proportionally (from 43% during baseline to 67% during SI). Conclusion: 24-hour SI produced impairment in an attentional set-shifting that is comparable to the executive function and cognitive deficits observed in humans with sleep apnea or after a night of experimental sleep fragmentation.
INTRODUCTION
SLEEP FRAGMENTATION IS A PRIMARY CHARACTER-ISTIC OF THE SLEEP APNEA SYNDROMES, AS WELL AS SEVERAL OTHER SLEEP DISORDERS. THE EXTENT of behavioral impairment in sleep apnea patients correlates with both the degree of blood gas abnormalities (hypoxemia) and the sleep fragmentation they experience. 1 Although both sleep fragmentation and hypoxemia may contribute to the cognitive deficits seen in sleep apnea, the relative effect of each is difficult to determine conclusively from clinical studies. A recent functional imaging study has suggested that deficits in working memory exhibited in patients with sleep apnea is due to sleep fragmentation, not nocturnal hypoxia. 2 Moreover, nocturnal experimental sleep fragmentation in normal humans leads to daytime sleepiness and cognitive impairments that, to some degree, resemble those of total sleep deprivation. 3 In the animal literature, deficits in learning and memory have been demonstrated using an intermittent hypoxia protocol to simulate the hypoxemia of sleep apnea, 4 as well as following total sleep deprivation 5, 6 and selective REMS deprivation. 7 Thus, although numerous studies have looked at the effects of total sleep deprivation in animals, 8 few animal studies have used a sleep interruption (SI) paradigm to model the sleep fragmentation of sleep apnea. In the present experiment, an SI schedule was developed to mimic in the rat the main effects of sleep fragmentation that characterize sleep apnea in humans. The SI protocol employed an automated rat treadmill that produced 30 sleep interruptions per hour for 24 hours, resembling the frequency of arousals in human sleep apnea. In order to evaluate vigilance states, electroencephalograph (EEG) and electromyograph (EMG) recordings were assessed in a separate group of animals subjected to either 24 hours of the SI protocol or an equal duration of the exercise control regimen.
Attentional set-shifting is a novel cognitive function to test in studies involving disruption of sleep in rats. The rationale for employing the attentional set-shifting task in this context is based on reports of performance deficits on the Wisconsin Card Sorting Task (WCST) in sleepy human subjects. 9 The attentional set-shifting task used here was developed by Birrell and Brown 10 to provide a version of the human intradimensional/extradimensional shifting task 11 with stimuli appropriate for rodents. This task is similar to the WCST in that subjects are required to focus attention on one attribute when faced with a complex stimulus, but differs from the WCST by implementing a total changeover design to test attentional shifts; that is, subjects are presented with wholly novel sets of test stimuli during tests of attentional shifts. 11 The advantage of this design is that the relatively greater difficulty of the extradimensional shift cannot be the result of perseverative responding to a single previously reinforced stimulus, as new stimuli are presented in each problem. The main goal of this study, then, was to evaluate the effects of an SI schedule that mimics the sleep fragmentation in human sleep apnea on performance in the attentional set-shifting task. 
Experimental Sleep Fragmentation Impairs Attentional Set-Shifting in Rats

METHODS
Animals
Thirty adult male Fischer Brown Norway F1 rats (230-300g; Harlan Laboratories, Ltd.) were used for the attentional set-shifting task, and 11 separate rats were used for the polysomnographic recordings. Rats were singly housed under constant temperature (23°C) and 12:12 light:dark cycle. All animals were treated in accordance with the American Association for Accreditation of Laboratory Animal Care policy on care and use of laboratory animals. All procedures were approved by the institutional animal care and use committee (IACUC) of the Boston VA Healthcare System.
Design and Treatment Conditions
For the attentional set-shifting task, the animals were randomly assigned to one of 3 different conditions: cage controls (N=12), exercise controls (N=8), or 24 hours of sleep interruption (SI; N=10). SI and exercise control rats lived individually in a treadmill cage (l x w x h = 50.8 cm x 16.51 cm x 30.48 cm) in which the floor was a horizontal belt automatically programmed to move slowly at a rate of 0.02 m/second. For the SI treatment, the treadmill ran at this slow speed for 30 seconds, followed by no treadmill movement for 90 seconds. Pilot testing in our laboratory has determined that this speed reliably produced awakenings. This 30 second on/90 second off schedule produced 30 interruptions of sleep per hour continuously for the 24 hours of SI exposure. For the exercise controls treatment, the treadmill ran at 0.02 m/second for 10 minutes on and 30 minutes off; this schedule resulted in an equivalent amount of treadmill movement/exercise to the SI treatment but allowed for longer periods of undisturbed sleep. Both SI and exercise control 24-h exposures began after exemplar training and ended at the onset of attentional set-shifting discriminations the next day (details below). Cage controls were taken directly from their home cages to run in the attentional set-shift task between the hours of 11 AM and 3 PM (during their lights on period).
Test Apparatus
Rats were trained to dig in a scented pot for a reward. Scented, diluted oil (1 mL; one part oil essence to 100 parts vegetable oil), representing the odor stimulus, was applied around the rim of a terra cotta clay pot 10.5 cm in diameter and 10.5 cm in height. The oil was applied before every testing session to produce a long-lasting, strong odor. The pot was then filled with either dark or light digging material, representing the digging medium stimulus (Table 1) . For each successful trial, the food reward was one small piece of standard rat chow (~0.05 to 0.15 g/piece) buried in the digging medium in the center of the pot. Food-restricted animals will eat >100 bits of food before becoming satiated.
Two terra cotta clay pots with a specific pair of stimuli (Table  1) were placed in one end (one pot at each corner) of a large clear plastic box sold commercially for home storage (16 cm tall, 90 cm long, and 44 cm wide) with an opaque divider added to separate the pots from the rest of the box. The rat was placed in the larger section of the box. Once the divider was removed, the rat was allowed to explore the box and investigate the pots. This represented one trial. After each trial, the divider was returned to its original position and the rat was returned to the larger section of the box.
Habituation and Shaping
Upon their initial introduction to the set-shifting box, the rats were allowed to explore their surrounding for approximately 2 minutes. During shaping, the rats were trained to approach a terra cotta pot filled with a neutral stimulus of cut up pieces of manila paper (no odor). By successive approximations, they were trained to rear and place forepaws on the rim of the pot and eventually learned that food was available in the pot. At first, the reinforcement was in clear sight on top of the digging medium in the center of the pot. The reinforcements were increasingly buried within the digging medium until they were completely covered. In order to pass this stage of the task, each rat had to reach the criterion of digging for and receiving 10 covered reinforcements. The animal must choose one of two pots. The correct pot is signified by S+. In contrast, an asterisk (*) denotes the correct dimension to which the animal must attend. For each discrimination problem, the correct choice can be paired with either exemplar from the irrelevant dimension across trials. Each rat performed a series of 7 discriminations: simple discrimination (SD), compound discrimination (CD), reversal 1 (REV1), intradimensional shift (IS), reversal 2 (REV2), extradimensional shift (ES), and finally reversal 3 (REV3). Twelve such schedules were randomly assigned to individual rats.
Rats required 3 to 5 shaping sessions (~20 minutes/session). The exemplar stage followed shaping and was necessary to acquaint the animals with the possible reward-response contingencies in the task. The exemplar phase consisted of a pair of simple odor discriminations, presented with invariant digging medium, and a pair of simple digging medium discriminations, presented in pots with invariant odors. Rats that performed poorly in the exemplar discrimination testing were omitted from the study (~10%). The stimuli used in the exemplar stage were not used again, and data collected during the exemplar stage were not included in the statistical analysis of the results.
Attentional Set-Shifting Procedure
Testing in the set-shift apparatus was conducted during the lights on phase (lights on at 8 AM, off at 8 PM). Rats were given ~ 12 g of food per day to maintain hunger and a body weight of ~90% free feeding body weight. Water was available ad libitum. The task involved 2 pairs of stimuli to be discriminated. Each discrimination was represented by the pair of pots (Table 1) . One pot was deemed the "correct" choice, based on either digging medium or odor. The specific digging media and odors are listed in Table  2 . This correct pot was reinforced (baited) with a small piece of rat food buried in the digging medium. To prevent rats from using olfactory cues to signal the correct pot, a small amount of powdered food was placed in the incorrect pot.
For each discrimination test (described below), animals were required to reach a criterion of 6 correct responses (referred to as "trials-to-criterion") before moving on to the next discrimination. A correct response was determined by digging in the pot containing the reinforcement. Displacing digging medium in the incorrect pot either by nose or forepaw was marked as an incorrect response. The rats had 4 "discovery" trials in which they were allowed to explore both pots and given 90 seconds to find the piece of reinforcement buried in the digging medium. Discovery trials were also used in order to train the rat on the correct response -reward contingency for each stage. The 4 discovery trials counted towards the final trial number. Rats were only allowed 60 seconds to choose a pot to dig in following the 4 discovery trials. Six consecutive correct responses (referred to as "trials to criterion") confirmed that the rat had indeed learned the rule and could now proceed to the next discrimination test. Each rat performed a series of tests: simple discrimination, compound discrimination, reversal 1, intradimensional shift, reversal 2, extradimensional shift, and finally reversal 3. All 7 discrimination tasks were run consecutively on a single day, starting with the simplest and ending with the most complex discrimination, as shown by the example in Table 1 . The total time for rats to complete the 7 discriminations typically ranged from 1 to 3 h. Hence, the additional amount of sleep lost by the slowest rats (SI rats) was ~2 h. It is unlikely that this variation in sleep loss during testing had an effect on the performance of individual rats, as it represents only ~4% of the amount of sleep rats typically obtain in a 24-h period.
One pair of exemplars was selected to begin the task in simple discrimination. The exemplar selection was based on a randomly chosen schedule. In simple discrimination, one stimulus was held constant in order for the rats to make a clear distinction between the 2 attentional sets. An example of a combination in simple discrimination attending to digging medium included the pairs: brown shredded paper/jasmine (S+) versus white shredded paper (S-)/jasmine and white shredded paper (S+)/vanilla versus brown shredded paper (S-)/vanilla. In this example, brown paper is the relevant, reinforced stimulus (S+; denoted by an asterisk in Table  1 ) while odor is the irrelevant stimulus (S-) and is held constant. Each pair of combinations was used in the simple discrimination at random trials and positions (left or right side of the box) until the rat reached the criterion of 6 trials.
In compound discrimination, the same pair of exemplars was used, except the stimuli differed on 2 dimensions rather than 1: brown paper/jasmine versus white paper/vanilla and brown paper/vanilla versus white paper/jasmine. The animals had to learn that the reinforcement was found in the pots with brown paper regardless of the odor. The remaining 5 tests in the task used stimulus pairs that differed on both perceptual dimensions. Reversal 1 followed the compound discrimination. For the reversals, the previously unattended stimulus of a given pair became relevant and reinforced. Whereas the pot with brown paper was reinforced during the compound discrimination in the example in Table 1 , the pot holding white paper was now rewarded during reversal 1.
The next discrimination phase was the intradimensional shift. The intradimensional shift required the animal to apply the previously learned rule regarding which stimulus dimension predicts reward to novel stimuli. For example, if digging medium predicted reward in the compound discrimination, the digging medium remained relevant in the intradimensional shift when tested with a novel pair of exemplars (S+: multicolored beads/clove versus S-: clear beads/nutmeg and S+: multicolored beads/nutmeg versus S-: clear beads/clove). As shown in Table 1 , the pot with multicolored beads is now reinforced, regardless of odor. A second reversal followed the intradimensional shift.
Following reversal 2, the animal was required to master an extradimensional shift. In contrast to the intradimensional shift, the extradimensional shift required the animal to shift attention away from the previously reinforced perceptual dimension to the previously irrelevant dimension. As shown in Table 1 , the formerly critical dimension (i.e., digging medium) had to be disregarded since the reinforcement schedule was now determined by the specific odor of the pots For the exemplar pairs S+: dark foam shapes/cinnamon versus S-: light foam shapes/patchouli and S+: light foam /cinnamon versus S-: dark foam/patchouli. Unlike the reversals, novel pairs of exemplars were used for both the intradimensional shift and the extradimensional shift. Since cinnamon The same 2 exemplars that comprised a given pair were consistently linked together within a discrimination phase. No 2 rats within the same group received the same combinations. A pseudorandom order was determined prior to testing for the presentation of exemplars.
The particular dimension of each stimulus pair which was rewarded (S+) was randomized across rats.
Sleep Interruption and Attentional Set-Shifting-McCoy et al was the reinforced pot in the example presented in Table 1 , reversal 3 entailed reinforcement of the patchouli-scented pot. (while the digging medium again remained the irrelevant dimension). The large number of potential stimuli pairings made full random counterbalancing impractical. Twelve schedules were constructed to counterbalance the order of the exemplars to the greatest degree possible (see Table 1 for an example of one such schedule). Subjects in the cage control condition were assigned to a schedule and matched with an animal in both the SI and exercise control conditions. The dimension assigned to each pair of stimuli was maintained across all subjects (i.e., brown and white shredded paper was always paired with vanilla and jasmine for all rats). For each discrimination phase, novel pairs of stimuli were used. Changing the pairs of stimuli for each shift ensured that performance was based on the previously relevant dimension and hence the result of having formed an attentional set. [12] [13] [14] The dependent variable at each stage of training was the number of trials required before the subject emitted 6 consecutive correct responses. After the criterion (i.e., 6 consecutive correct responses) had been reached, subjects then moved on to the next discrimination test in the series.
Polysomnographic recordings
Electroencephalograph (EEG) and electromyograph (EMG) surgery was carried out under general anesthesia (i.p. sodium pentobarbital, 65 mg/kg). The rats were also given ketofen (5 mg/kg) as an analgesic following surgery. Bilateral screw electrodes (Plastics One Inc., Roanoke, VA) were fixed onto the skull above the temporal cortex (2 mm caudal to bregma and 4 mm lateral to the mid sagittal suture) for recording EEG. EMG electrodes, which consisted of flexible stainless steel wires insulated with nylon except for a suture pad (1.62 mm) ending (Plastics One Inc.) were inserted into the superior nuchal muscles. After at least 7 days of recovery from surgery, the rats were placed in the treadmill apparatus and hooked up to the EEG cables (Plastics One, Inc.) in a room with a lights-on period from 10 AM to 10 PM. Rats received 5 days of habituation in the treadmill with the cables connected to an overhead swivel. On days 4 and 5, the rats were habituated to slow treadmill movement (0.02 m/second; 5 minutes on: 5 minutes off for 1 hour). On day 6, EEG/EMG was recorded for 24 hours in all animals to provide a baseline cage control condition for comparison to subsequent SI and exercise control exposures. On day 7, EEG and EMG activity was recorded for 24 hours in animals that received either SI (N=7) or exercise control (N=4) treatment. A Grass Model 15 polygraph with model 15A4 amplifiers (Grass-Telefactor, West Warwick, RI) was used for all EEG and EMG data collection. Behavior was classified into 3 different states by means of EEG and EMG analysis: wakefulness (W), nonrapid eye movement sleep (NREMS, also referred to as slow wave sleep), and rapid eye movement sleep (REMS). Grass Rodent Sleep Stager (RSS) V3.0 (Grass-Telefactor) was used for offline EEG and EMG analysis. The full 24 hours of recordings were visually scored in 10-second epochs as previously described.
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Statistical Analyses
Behavioral performance on the discrimination task was analyzed using one-way analyses of variance (ANOVA) for independent groups (i.e., SI and control groups), followed by Tukey HSD tests. A separate one-way ANOVA was conducted for each of the 7 discrimination tests of the attentional set-shifting task. A Bonferroni correction was used to protect the Experiment-wise Type I error rate. As a result, individual ANOVAs were considered significant at P<.007. Sleep episode duration in vigilance state were analyzed using two-way mixed-model ANOVA, followed by a Bonferroni post hoc test. For the mixed model ANOVAs, both day of recording (i.e., baseline, SI or exercise control, and recovery) and hour during the recording days were within subject variables. All analyses were performed using SPSS (Version 12) for Windows.
RESULTS
Attentional Set-Shifting Task
As shown in Figure 1 , 24 hours of sleep interruption selectively impaired performance on the extradimensional shift phase of the task compared to the 2 control groups (F 2,27 = 10.62, P < .001). Tukey's post hoc tests revealed that the SI rats took significantly more trials (15.4 ± 2.0) to achieve criterion performance on the extradimensional shift than either the cage control (10.4 ± 0.9; P < .05), or the exercise control groups (6.3 ± 0.2; P < .001). The difference in performance on the extradimensional shift between the 2 control groups was not significant. However, as expected, cage control animals required significantly more trials to reach criterion on the extradimensional shift than were required for the intradimensional shift (t 11 = 2.51, P < .05). The order of presentation of the stimulus dimensions did not influence the results; that is, performance when shifting from odor to digging medium was not significantly different than performance when shifting from digging medium to odor; nor was there a significant interaction between the treatment groups and the stimulus dimension shift (i.e., odor versus digging medium). It is unlikely that either fatigue or satiation contributed significantly to the poor performance of SI animals on the extradimensional shift since SI animals exhibited a trend (t 29 = 2.18, P = .057) toward more efficient performance on reversal 3 relative to performance on the extradimensional shift (see Figure 1) . The 24 hour SI protocol did not impair performance (relative to controls) on any of the other discrimination phases, nor were there other significant differences between groups. Figure 2a illustrates the increased amplitude EMG activity and low-voltage, fast EEG activity that was observed when the treadmill was activated. This pattern of EEG and EMG activity confirmed that the animal was indeed awakened by treadmill activity. When the treadmill was turned off, the EMG activity was reduced, and high-amplitude, slow EEG activity was present, a pattern indicative of NREMS.
Polysomnographic Recordings
NREM Sleep Episode Duration
During the period of SI exposure the mean duration of NREMS episodes was reduced to 56 seconds, compared to 182 seconds during baseline (ANOVA main effect F 2,12 = 30.38, P < .001; comparison P < .01), whereas during exercise exposure the mean NREM episode duration increased to 223 seconds, compared to 166 seconds in baseline (ANOVA main effect F 2,6 = 11.242, P < .01; comparison P < .01). Although there was an increase in the mean NREMS episode duration in the recovery day after SI (270 seconds) it failed to reach significance when compared to baseline (P = .09). In the recovery day after exercise, mean NREM episode duration (179 seconds) did not significantly differ from baseline values (166 seconds). Figures 2b and 2c show the hourly values of NREM episode duration for SI and exercise control groups over the 3 days of recording, revealing a significant main effect for SI (Figure 2b ; F 46,276 = 1.77, P < .05), as well as pairwise significance for the SI-induced reduction of NREM episode duration at 20 of the hourly time points when compared to baseline (except hours 18, 21, 23, and 24). Figure 3 shows the hourly pattern of vigilance states for Fisher-Norway rats in the SI condition across the 3 days of sleep recording. The initial onset of the SI schedule greatly increased the amount of time rats were awake (Figure 3a) , resulting in a significant interaction between the hour of recording and the day of recording (F 46,276 = 4.02, P < .001). By the second hour of exposure the rats began to sleep in the 90-second periods when the treadmills were off, but it was not until ~ 16 hours after the SI began that the amount of sleep and wakefulness began to resemble that of the baseline day (Figure 3a; e.g., wakefulness was significantly increased in hours 1 through 9 and hours 12, 15, and 18; P < .05). During the hours of SI exposure, NREM sleep was reduced in proportion to this increase in wakefulness (Figure 3b ; F 46, 276 = 3.53, P < .001; with hourly comparisons, NREM was reduced in hours 1-5, 7, 9, 11, and 12, 15, and 18; P < .05), and, at least in this group of rats, REMS was completely absent during SI (Figure 3c ; 0%, declining from 7% in baseline (F 46,276 = 5.066, P < .001). Some evidence of an elevated REMS drive is seen during the recovery day following SI, as hours 1 through 3 showed significantly more REMS compared to baseline (P < .05; REMS was also elevated at hours 13, 16, and 17 compared to baseline). The hourly sleep-wakefulness data shown in figure 3 were also combined to give the total 24-h percent of time spent in wakefulness (W), NREMS, and REMS for baseline (BL), exercise control, and SI, as shown in figure 4 .
Vigilance States
As illustrated in Figure 4a , over the total 24 h of SI exposure, rats spent more time awake (F 2,12 =80.04, P < .001), an effect that was significant compared to baseline (P < .01). Over 24 hours, the SI-induced reduction in the percent of time spent in NREMS and REMS were both significant (Figure 4a ; NREMS: F 2,12 = 70.15, P < .001; REMS: F 2,12 = 1752.335, P < .001; comparisons with baseline P < .001). The REMS rebound observed during the recovery day after SI was significant compared to baseline (P < .001), whereas the 24-h total NREMS time on the recovery day was not different than baseline. The significant reduction of total time spent awake in the recovery day after SI (Figure 4a ; P < .05) was likely to be coupled to the rebound in REMS time seen on the recovery day.
The exercise control exposure also increased the 24-h total percent of time spent in wakefulness (Figure 4b ; F 2, 6 = 18.044, P < .001; comparison to BL, P < .05), although the magnitude of this increase appeared less than that produced by SI exposure (c.f., Figure 4b and 4a). REMS was different over the 3 days of recording in exercise control rats (F 2,6 = 21.639, P < .01), primarily due to the reduction of REMS during the exercise day (REMS in BL = 6.5% ± 0.2 % and in exercise control = 3.8% ± 0.3%; P < .05).
DISCUSSION
The sleep interruption paradigm used here employed treadmill-induced intermittent forced locomotion to effectively fragment sleep for 24 h, resulting in an average duration of NREMS episodes of 56 seconds, compared to basal levels of 182 seconds. This model of sleep fragmentation resulted in a selective impairment on the extradimensional shift discrimination component of the ID/ED attentional set-shifting task, as measured by the number of trials to reach criterion (i.e., 6 consecutive correct responses). This study presents 2 models (sleep interruption and the ID/ED task) that can be used by the sleep research community to probe the mechanisms by which sleep fragmentation, as observed in sleep apnea and other sleep disorders, impairs specific cognitive processes.
The attentional set-shifting task was developed by Birrell and Brown 10 as a nonspatial attentional set-shifting task formally based on ID/ED task. 11 To date this task has been used to study attentional processes related to executive function in several conditions including excision of frontal lobe, 11 neurotoxic lesions, 10, [12] [13] [14] centrally acting drugs, 16 social and environmental stimulation, 17 aging, 12, 18 and receptor binding, 18 but this is the first study to report the effect of sleep disruption on attentional set-shifting. Not surprisingly, we observed that control rats learned to discriminate between novel stimuli more slowly when the animal was required to shift attention to a new perceptual dimension (i.e., the extradimensional shift). According to Mackintosh's theory of attentional processing, 19 cognitive resources are distributed selectively to the relevant dimension. As previously described, the extradimensional shift requires that attention be increased to the formerly irrelevant stimulus dimension. The new finding presented here is that 24 hours of SI impaired the learning of the extradimensional shift even further, compared to either the cage control or the exercise control condition (Figure 1) .
Sleep interruption did not affect learning of a new problem Figure 4 as cumulative 24-h totals of the vigilance states. Note that the maximum value for the Y-axis in Figure 3c is 30%, while the corresponding maximum value in Figure 3a and 3b is 100%.
when that learning did not require a shift in attention (i.e., the intradimensional shift). Hence, the observed effects cannot be interpreted as a deficit in the ability to learn new discrimination problems in general, nor to nonspecific effects on attention, cognition, or motor performance. Rather, the SI-induced deficits are specific to problems that require the animal to disregard the original dimension and discriminate between 2 exemplars chosen from a new dimension (i.e., attentional set-shifting). Since reversal learning was not significantly affected, a general effect on behavioral perseveration can be ruled out as a possible explanation for the effects of SI. The SI-induced impairment of attentional set-shifting is therefore more likely to reflect a specific deficit in central executive processes that are activated during extradimensional shifting.
Performance on the extradimensional shift has been shown by other groups to be impaired following lesions to the medial prefrontal cortex (mPFC) in rats 10 or to the dorsolateral prefrontal cortex in human 11 and nonhuman primates. 20 In humans, damage to the prefrontal cortex disrupted performance on a problem-solving task when it was required that the subject shift attention from one rule to another. 11 Hence, these frontal structures are believed to be functionally homologous, 21 serving an "executive" processing role. Executive function refers to parceling out attentional resources in response to changing environmental demands by components of the working memory system, which holds information on-line for immediate use. In humans, 2 recent positron emission tomography (PET) studies have reported that extradimensional-shift learning activated the dorsolateral prefrontal cortex 22 and interference with normal sleep altered functioning of the prefrontal cortex and posterior parietal association corticies. 23 Neurotoxic lesions of the posterior parietal cortex in rats, perhaps because of their dense interconnections with the frontal cortex, have been found to impair aspects of the attentional set-shifting task. 13 Whereas the medial and dorsolateral prefrontal cortices appear to mediate attentional set-shifting in rats and primates respectively, reversal learning is impaired by lesions to the orbital prefrontal cortex in the rat. 14 Although converging evidence strongly implicates a role for the prefrontal cortex in mediating attentional set-shifting, the neural mechanism by which sleep fragmentation impairs setshifting is unknown. One recent report using the attentional setshift task demonstrated that peripheral injections of scopolamine, a competitive blocking agent at muscarinic cholinergic receptor sites, impaired performance on the extradimensional shift but not the intradimensional shift. 24 A central site of action was inferred, since peripheral injection of drugs which do not penetrate the blood-brain barrier had no significant effect on performance of the extradimensional shift. These data are compatible with our published model of the role of adenosine and the basal forebrain in the regulation of the sleepiness associated with sleep loss. 25 Specifically, sleep fragmentation or sleep loss leads to an elevation of extracellular adenosine levels in the basal forebrain which, in turn, postsynaptically inhibits, via the A 1 adenosine receptor subtype, arousal-related and cortically projecting neurons, including cholinergic neurons. 25 Although there is no evidence for wakefulness-induced adenosine increases in VLPO, Gallopin et al., 26 have speculated that adenosine might act there via the A1A and A2A receptor systems acting synergistically to increase the activity of the sleep promoting ventrolateral preoptic (VLPO) neurons. 27, 28 Microdialysis studies from our laboratory have documented increases in extracellular adenosine in the basal forebrain following sleep deprivation in cats and in rats. 25, 29 Moreover, we have recently found that SI also elevated adenosine levels in the basal forebrain. 30 Relative to the baseline condition, the increase in adenosine level was significant after as little as 6 hours of SI and it continued to rise during a 30-h SI exposure to over a 2-fold peak level during the light period of the second day. 30 Thus, the impairment on the extradimensional shift reported here following 24 hours of SI could be mediated by inhibition of cholinergic input to the cortex via SI-induced adenosine accumulation in the basal forebrain. On the other hand, selective damage to the basal forebrain cholinergic projections to the medial prefrontal cortex has been shown to have little effect on performance of the extradimensional shifting. 31 The reason for the discrepancy is not clear at present, though it has been noted that cholinergic input extends widely to cortex and wide-spread cholinergic receptor blockade may be necessary before performance on the extradimensional shift is affected. 32 However, parallel work by our laboratory reveals that both cholinergic and noncholinergic basal forebrain neurons are inhibited by adenosine, suggesting that purely cholinergic lesions of the basal forebrain may not be sufficient to alter performance on the ID/ED task. 33 Clearly, further research is needed to elucidate the relevance of these lesion studies for understanding the effects of sleep fragmentation on attentional processes.
Deficits in executive attention and working memory have been demonstrated in humans following manipulations used to reduce sleep, including sleep fragmentation. These deficits in executive function included loss of focus on relevant cues, cognitive inflexibility, and problems in behavioral adaptation to new information. 9 Although relatively few experiments on healthy humans have assessed the effects of sleep fragmentation, neurocognitive deficits similar to those reported here have been reported in patients with sleep apnea. In a meta-analysis of sleep-disordered patients, the most profound deficits were observed on sustained attention tasks and working memory tasks requiring mental flexibility, such as the WCST. 34 The selective deficit we report on the extradimensional shift strongly suggests that our animal model has external validity with behavioral impairments that mirror those observed in humans with sleep apnea and other sleep disorders characterized by sleep fragmentation. Thus, we emphasize that our SI model was not designed to produce effects similar to total sleep deprivation but rather, to mimic the disturbances of continuity, deep sleep, and REMS seen in sleep apnea and other clinical disorders with sleep fragmentation.
Though not statistically significant, it is interesting to note that the exercise control group exhibited a trend toward more proficient performance on the attentional set-shift task than the cage controls. Our preferred explanation is that the experimental manipulation altered the diurnal pattern of sleep and wakefulness in the exercise control rats, resulting in their being more alert during the testing than the cage controls. Our subjective observations are consistent with this notion; namely, the exercise controls appeared more alert during behavioral testing than the sleepy-appearing cage controls. Thus, cage control rats were tested during their normally inactive period (i.e., light period) whereas rats on the intermittent exercise schedule (10 minutes on, 30 minutes off, for 24 hours) quickly learned to sleep during the 30 minutes off period in both the dark and light periods. Thus, we think exercise control rats are actually sleeping very well on the exercise schedule; indeed, the exercise control rats exhibited a significantly higher average duration of NREMS episodes relative to their baselines (Figure 2c) . The relationship between exercise and cognition is complex and controversial, so other factors could be influencing the performance of the exercise control group. For example, the exercise-induced behavioral improvement might be mediated by the increase in NREM sleep consolidation observed in the exercise control group. Human data suggests that regular exercise may improve executive functions of the type associated with the frontal lobe, 35 and exercise could simply result in a higher level of general arousal than that of cage controls. In addition, exercise has been found to induce neurogenesis and enhance neuronal survival in the rodent hippocampus 36 and could therefore possibly play a role in enhancing performance.
The SI protocol used in this laboratory was developed with the intent of mimicking the sleep-related effects in humans with sleep apnea; namely, the interruption in sleep continuity with an associated reduction in deep sleep. Polysomnographic recordings (Figure 2a) showed that the SI protocol resulted in animals spending a smaller percentage of their time in both NREMS and REMS (REMS declined to 0% of the total time). Accordingly, the amount of time spent in wake increased proportionally, and moreover, the duration that the rats spent in each NREMS episode was reduced. Additional studies are needed to determine the relative role of sleep fragmentation versus REMS loss on the attentional set-shifting impairments described herein. Also of interest, the changes in sleep architecture observed with Fischer-Norway rats differ somewhat from ongoing EEG studies in our lab using a different strain of rats (Sprague-Dawley) 30, 37 . Evaluation of strain differences in response to SI in rodents may be useful in understanding genetic variation in human response to sleep loss.
In conclusion, the present results demonstrate that 24 hours of SI produces impairment in attentional set-shifting. Furthermore, we contend that our SI paradigm produces effects that are similar to the primary alterations in sleep architecture which characterize sleep apnea in humans The SI protocol may allow investigators to maintain animals for longer time periods, with a reduction of adverse health consequences associated with long-term total sleep deprivation or selective REMS deprivation. The present results indicate that the combination of the SI paradigm and the attentional set-shifting task will allow investigators to examine the neural mechanisms by which sleep fragmentation alters a specific cognitive function.
